abstract: Cyclic differentiation of human endometrial stromal cells (HESCs) into decidual cells is a highly coordinated process essential for embryo implantation and pregnancy. This differentiation process is closely recapitulated in culture upon exposure of purified HESCs to cyclic AMP and progesterone signaling. Mining of gene expression data revealed that HESCs express 147 genes coding for epigenetic effectors, 33 (22%) of which are significantly regulated (P , 0.05) upon decidualization. Among these are genes encoding for histone-modifying proteins and their cofactors, histone-binding proteins, histone variants, CpG-binding proteins and DNA methyltransferases (DNMTs). Interestingly, more than two-thirds of differentially expressed chromatin-modifying genes are down-regulated upon the transition from a proliferative to a differentiated HESC phenotype. Despite the strong regulation of DNMTs, colorimetric and long interspersed nuclear element 1 methylation assays did not show global changes in DNA methylation levels upon differentiation of HESCs. Taken together, the coordinated regulation of diverse effector molecules suggests that complex epigenetic modification at specific loci underpins the acquisition of a decidual endometrial phenotype.
Introduction
Ovarian steroid hormones are master signals that orchestrate the coordinated biochemical and morphological changes in the endometrium throughout the menstrual cycle (Wynn, 1974; Popovici et al., 2000; Gellersen et al., 2007) . In particular, the post-ovulatory rise in progesterone levels drives differentiation of estrogen-primed endometrium. This process is characterized by secretory transformation of the glandular epithelium, influx of macrophages and specialized natural killer cells, vascular remodeling and, importantly, transformation of the human endometrial stromal cells (HESCs) into highly specialized decidual cells (Gellersen and Brosens, 2003; Brosens and Gellersen, 2006; Gellersen et al., 2007) . Decidualization of the stroma bestows certain functional properties on the endometrium that are indispensable for a successful pregnancy. For example, it enables embryo implantation, engages in embryo quality control and protects the early conceptus and invading trophoblast against a variety of environmental stressors, including reactive oxygen species (Leitao et al., 2010; Salker et al., 2010; Teklenburg et al., 2010) . In the absence of pregnancy, falling progesterone levels trigger a profound inflammatory response and apoptosis in the superficial endometrium, leading to focal bleeding, menstrual shedding and ultimately regeneration.
Dynamic changes in the chromatin structure play a major role in determining the cell-and environment-specific responses to hormonal cues. Extrapolated to the uterus, this suggests that cycle-dependent changes in the expression or activity of chromatin-modifying enzymes in different endometrial cell populations are essential for the orderly waves of proliferation, differentiation and regeneration after menstruation. A pioneering study 30 years ago demonstrated that histone acetylation and phosphorylation increase upon decidualization in the mouse uterus (Serra et al., 1979) . Recent studies confirmed dynamic regulation of histone marks during the menstrual cycle in vivo (Munro et al., 2010) and upon decidualization of HESCs in culture (Sakai et al., 2003b; Grimaldi et al., 2011) . Endometrial expression of DNA methyltransferases (DNMT1, DNMT3a and DNMT3b) also fluctuate during the cycle and in differentiating purified HESCs, suggesting that active changes in DNA methylation, widely viewed as a relatively stable modification, could be essential for the expression of the full complement of decidual genes (Yamagata et al., 2009; Logan et al., 2010; Vincent et al., 2011) .
Despite these studies, however, there is still no clear picture of the extent to which epigenetic modifications govern decidualization of HESCs. One major obstacle is that histones are subject to numerous covalent modifications, including methylation, acetylation, phosphorylation, sumoylation, glycosylation and ubiquitination. These histone modifications are catalyzed by a large number of protein complexes, some of which are also implicated in DNA methylation. To provide insight into the involvement of epigenetic mechanisms in cycling endometrium, we systematically searched microarray data for genes encoding for chromatin-modifying proteins that are differentially expressed in purified undifferentiated and decidualized HESCs.
Materials and Methods

Primary cell culture
This study was approved by the Hammersmith and Queen Charlotte 's & Chelsea Research Ethics Committee (1997/5065) . Endometrial samples were obtained from premenopausal consented women without uterine pathology. Written informed consent was obtained from all the participating subjects prior to tissue collection. HESCs were isolated and established cultures were maintained as described previously (Christian et al., 2002) . Estradiol (E2; 10 28 M), a mitogen, was used to promote proliferation of the cultures until they reached confluency. For in vitro decidualization, cultures were treated with 0.5 mM 8-Br-cAMP (Sigma, St Louis, MO, USA) and 1 mM medroxyprogesterone acetate (MPA; Sigma), a differentiation protocol that does not require E2 (Brosens et al., 1999) .
Real-time quantitative PCR
RNA was extracted using STAT-60 (AMS Biotech, Abingdon, UK) and following manufacturer's instructions. cDNA was synthesized using the SuperScript First-Strand Synthesis for RT -PCR (Invitrogen, Carlsbad, CA, USA) with oligo-dT primers (Invitrogen) after having treated the extracted RNA with amplification grade DNase I (Invitrogen). Quantitative PCR (qPCR) was carried out on a BioRad Opticon Monitor 3 Real-Time PCR System. PCR reactions were set up using SYBR Green JumpStart Taq (Sigma), 0.20 mM of each primer, 0.5 ml of template in a 15 ml reaction volume. The following program was run on the thermocycler: 508C for 2 min, 958C for 10 min followed by 40 cycles of 958C8 for 15 s, 608C for 1 min and 728C for 30 s. Input variance was normalized against the expression of the L19 gene, which encodes for a non-regulated universally expressed ribosomal protein. The primer sequences can be found Table I .
DNA isolation
Genomic DNA was isolated from HESCs using a crude method involving direct lysis of the cells and phenol -chloroform extraction. In detail, the cells grown in 6-well culture plates or 10 cm culture Petri dishes were washed in Tris-borate EDTA before adding 500 ml of Shorty buffer (0.2 M Tris -HCl pH 9, 0.4 M LiCl, 25 mM EDTA, 1% SDS). The cells were scraped off and transferred into a dounce homogenizer for lysis, where the cells were homogenized on ice. The suspension was then transferred into a 1.5 ml microfuge tube containing 500 ml of Phenol:Chloroform:Isoamyl alcohol 25:24:1 for liquid -liquid extraction of the DNA. The mixture was vortexed thoroughly and the two liquid phases were separated by centrifuging at 16 000g for 5 min at 48C. The DNA, found in the upper aqueous layer, was transferred into a new 1.5 ml microfuge tube and recovered by precipitating it with 350 ml of propan-2-ol. The nucleic acid was collected in a pellet by centrifugation (16 000g, 10 min, 48C) and washed twice with 80% pre-chilled ethanol. The genomic DNA was resuspended in 50 ml of water.
Bisulfite conversion and amplification of DNA and pyrosequencing
Extracted DNA was sodium bisulfate treated using EZ DNA MethylationGold (Zymo Research) following the manufacturer's instructions. The bisulfite-treated DNA was amplified using PyroMark CpG Assays prior to pyrosequencing following the manufacturer's instructions. The PyroMark Q96 CpG LINE-1 Assay (Qiagen) was used to quantify global methylation levels in transposable elements. Pyrosequencing was carried out on a PyroMark Q96 ID (Qiagen).
Quantification of global methylation levels
Global methylation levels were also determined using the colorimetric assay, Methylamp TM Global DNA Methylation Quantification Kit (Epigentek), according to the manufacturer's instructions.
Results
We used genome-wide microarray analysis to identify genes that are differentially expressed in purified undifferentiated HESCs and cells decidualized for 3 days with 8-Br-cAMP and the progestin MPA. A Table I Primer sequences used for RT-qPCR.
′ differential expression was extrapolated using a linear model with empirical Bayesian correction (Takano et al., 2007) . Here, the array data were mined for histone-modifying proteins, chromatin-binding proteins, histone variants, CpG-binding proteins, DNMTs and DNMT-interacting proteins. We identified 147 genes that encode for known epigenetic effectors (Supplementary data, Table SI ). The expression of 33 genes was altered between undifferentiated and decidualized HESCs (Table II) , including 15 highly regulated genes (P , 0.01). We then determined the expression profiles of key epigenetic modifiers in independent primary cultures decidualized with 8-Br-cAMP and MPA for either 2, 4 or 8 days.
Histone-modifying proteins
Histone-modifying proteins are enzymes that catalyze the addition or removal of posttranslational modifications (PTMs) on histone tails. These proteins include lysine methyltransferases, acetylases and deacetylases. Expression analysis identified 48 transcripts that encode for histone-modifying enzymes (Supplementary data, Table SI), 9 of which are differentially expressed in undifferentiated and decidualizing cells (Table II) . The expression of two family members, the histone methyltransferase enhancer of Zeste homolog 2 (EZH2) and histone deacetylase 4 (HDAC4), has previously been studied in HESCs (Sakai et al., 2003a; Grimaldi et al., 2011) . We therefore focused on the remaining two most significantly (P , 0.01) regulated members, SUV420H1 and SUV39H2. These two suppressor of variegation (SUV) proteins are both histone-lysines-N-methyltransferases realtime quantitative PCR (RT-qPCR) analysis of primary HESC cultures demonstrated that decidualization is associated with only a transient reduction in both SUV420H1 and SUV39H2 expression, with transcript levels declining rapidly and then returning to those observed in undifferentiated cells by 4-8 days of differentiation ( Fig. 1A and B) .
Cofactors of histone-modifying proteins
Chromatin-modifying proteins act within large multimeric complexes with activators, repressors, recruiters and numerous other cofactors. Two distinct classes are the polycomb repressive complexes (PRC1 and 2) and their antagonists, the trithorax proteins (Schuettengruber et al., 2007; Kohler and Aichinger, 2010; Soshnikova, 2011) . Mining of the microarray data yielded 59 transcripts encoding nucleosomeassociated proteins (Supplementary data, Table SI ). While mRNAs encoding for proteins associated with PRC1 or 2 are abundantly represented in this category, only ZBTB16 and ASXL1 transcripts were highly regulated (P , 0.01) in differentiating HESCs. The induction in differentiating HESCs of ZBTB16, which encodes the promyelocytic leukemia zinc finger protein has previously been reported (Fahnenstich et al., 2003) . ASXL1, which is often mutated in myeloproliferative neoplasms (Gelsi-Boyer et al., 2010) , interacts with PRC2 and functions as a ligand-dependent co-activator of retinoic acid receptor in cooperation with NCOA1 (also known as steroid receptor co-activator 1 or SRC1; Cho et al., 2006) . RT-qPCR analysis confirmed that decidualization is associated with a profound and sustained repression of ASXL1 mRNA expression (Fig. 1C) .
Histone-binding proteins
Histone-modifying complexes could be considered the 'writers' of the histone code, which is 'read' by other proteins. The 'readers' of these marks are histone-binding proteins, characterized by the presence of conserved chromatin-interacting domains (e.g. tudor-, MBT-and chromo-domains) that mediate binding to methylated H3 and H4 histone tails . Plant Homeo Domain (PHD) finger proteins represent another class of 'readers' that can be divided into subfamilies depending on their specificity towards PTM found on histone tails. These include proteins with high affinity towards H3K4me3, H3K9me3, H3Ac, H4Ac and unmodified H3 tails. The role of PHD finger is well characterized in certain proteins, including CBP/p300 and MLL (Aasland et al., 1995; Pena et al., 2006) . HESCs express transcripts for 22 different binding proteins (Supplementary data, Table SI); 5 carrying a chromo-domain, 8 a PHD finger, 6 the tudor motif and 3 a MBT domain. Of these transcripts, CBX1, UHRF1, ING1, BRD3 and BRD4 were highly regulated (Table II) . While microarray analysis indicated a 40% decrease in expression of CBX1 upon treatment with 8-Br-cAMP and MPA for 3 days (Table II) , RT-qPCR analysis indicated a slower rate of decline in transcript levels (Fig. 1D ). This minor discrepancy is likely due to the differences in sensitivities between both methods.
UHRF1 is amongst the most highly repressed genes in decidualizing cells with transcript levels declining by .90% after 2 days of treatment with 8-Br-cAMP and MPA (Fig. 1E) . Microarray results showed consistent up-regulation of ING1 transcripts upon decidualization of HESCs. The observed increase was almost 10-fold (Table II) . Members of another family of chromatin-binding domains regulated upon decidualization are the double bromodomain proteins, BRD3 and BRD4, which preferentially associate with acetylated histones. RT-qPCR confirmed that decidualization is associated with a downregulation of BRD3 and BRD4 transcripts, a response that was apparent after 2 days of differentiation (Fig 1F and G, respectively) .
Histone variants
Histone variants are another important mechanism by which epigenetic regulation occurs as they affect the way chromatin is compacted (although the precise mechanism remains unclear). Analysis of the microarray revealed that nine histone variant transcripts are expressed in HESCs (Supplementary data, Table SI ). Four of which (H2AFJ, H2BFS, H2AFV and H2AFX) are significantly regulated (Table II) . H2AFV and H2AX are down-regulated by 40% in differentiating HESCs upon treatment with 8-Br-cAMP and MPA for 3 days whereas expression of variants H2AFJ and H2BFS increases by 50 and 70%, respectively (Table II) .
CpG-binding proteins
DNA methylation occurs on the cytosine of CpG dinucleotides and is essential for chromatin dynamics and gene expression (Jaenisch and Bird, 2003; Klose and Bird, 2006) . Seven different CpG-binding proteins are expressed in the human endometrial cells. All the CpG-binding proteins, except Kaiso, are expressed upon decidualization, although only MBD5 transcripts appear to be significantly regulated (P , 0.05) upon decidualization of HESCs (Table II) .
DNA methyltransferases
The enzymes responsible for methylating position 5 of cytosines are the DNMTs (Wu and Santi, 1985; Bestor, 2000; Law and Jacobsen, 2010) . Gene expression profiling suggests that all the DNMTs, except DNMT3L, are expressed in HESCs (Supplementary data, Table  SI ). Microarray analysis indicated that DNMT1, DNMT3b and DNMT3a transcripts are all down-regulated upon differentiation of HESCs with 8-Br-cAMP and MPA for 3 days, although inhibition of DNMT3a expression did not reach statistical significance (Supplementary data, Table SI) . Time-course analysis confirmed the array analysis but further revealed that the down-regulation of DNMT1 and DNMT3a transcripts in differentiating cells is transient, with levels returning after 4 and 8 days of differentiation (Fig 2A-C) . In order to gain additional insight into the regulation of DNA methylation events upon decidualization expression levels of DNMT-interacting proteins were examined. Specifically, we focused on DNMT3b regulator HELLS (Myant and Stancheva, 2008) . Like UHRF1, which binds and targets DNMT1 to DNA replication foci (Bostick et al., 2007) , HELLS is amongst the most highly repressed genes upon decidualization of HESCs (Table II) , with transcript levels falling by .90% upon 2 days of treatment with 8-Br-cAMP and MPA. Furthermore, repression of UHRF1 and HELLS expression was sustained throughout the 8-day time-course ( Figs 1F and 2D ).
Global DNA methylation
The profound regulation of DNMTs and interacting proteins prompted us to investigate if differentiation of HESCs is associated with altered global DNA methylation levels. DNA was extracted from primary HESC cultures treated with 8-Br-cAMP and MPA for 8 days. Global methylation was analyzed with a colorimetric assay (Methylamp TM Global DNA Methylation Quantification Kit, Epigentek) Figure 1 Differential expression of epigenetic effectors. Confluent HESC cultures remained either untreated (Day 0) or decidualized with 8-Br-cAMP and MPA for the indicated time-points. Transcript levels of the indicated genes were determined by RT-qPCR. FC a indicates the fold-change after 3 days of decidualization as determined by microarray analysis (Takano et al., 2007) . The data show the foldchange (+SEM of triplicate measurements) of transcripts upon decidualization relatively to expression in undifferentiated cells. and by measuring the percentage of methylation of Long Interspersed Nuclear Element 1 (LINE-1) sequences (Yang et al., 2004) . Methylation of LINE-1 sequences was measured by bisulfite conversion of the DNA followed by amplification and biotinylation of these sequences, using the PyroMark CpG Line-1 assay (Qiagen), prior to pyrosequencing. Both methods showed that no significant change in global DNA methylation between undifferentiated HESCs and cells decidualized for 8 days (Fig. 3 ).
Discussion
HESCs express 147 different transcripts that encode for chromatinassociated proteins, representing 5% of the transcriptome of these cells. Cyclical waves of proliferation, differentiation, menstrual shedding and regeneration involve, at least in part, epigenetic control that maintains cellular identity. The human endometrium proliferates extremely fast, thus requiring the machinery that propagates the epigenetic marks following replication. The need to continuously replicate these marks stops upon the transition of proliferating HESCs into specialist decidual cells, rendering many components of the epigenetic machinery surplus to requirement. For example, BRD4 is mostly found in non-centromeric regions of chromosomes during interphase and mitosis and hence essential for the transmission of epigenetic memory during replication (Dey et al., 2003) . BRD4 is expressed in proliferating HESCs but not in the decidualized cells. In fact, 25 of the 33 differentially expressed epigenetic effector genes are down-regulated upon differentiation of HESCs.
The marked induction of HDAC4 is also an expected feature of the transition from a proliferative to a differentiated phenotype. The pRB/ E2F-DP complex, a strong inhibitor of cell cycle progression, has been shown to recruit HDACs to the chromatin (Harbour and Dean, 2000) . This results in suppression of both DNA synthesis and progression of the cell cycle into the S phase. A previous study reported that treatment of HESCs with trichostatin A, a selective inhibitor of class I and II HDACs, enhances the induction of decidualization markers such as insulin-like growth factor binding protein-1 and prolactin in a dosedependent manner (Sakai et al., 2003a) , suggesting that the induction of HDAC4 also serves as a brake on the decidual process. In fact, the function of only a few epigenetic modifiers has been examined in decidual cells. For example, we recently showed that loss of EZH2, the enzyme responsible for di-and tri-methylation of H3K27 (Cao et al., 2002) , plays an integral role in sensitizing HESCs to differentiation cues (Grimaldi et al., 2011) . Although still untested, the strong induction of ING1, a gene involved in DNA damage repair and stress responses (Berardi et al., 2004) , likely contributes to heightened resistance to oxidative cell death upon decidualization (Kajihara et al., 2006) .
Altered expression of chromatin-modifying proteins does not necessarily translate in global changes in epigenetic marks. For example, down-regulation of DNMTs had no discernible impact on global methylation levels in decidualizing HESCs as determined by LINE-1 and colormetric assays. A recent study failed to detect changes in global methylation levels in bovine endometrium during the estrous cycle or after implantation (Furst et al., 2011) . Further, the gradual loss of EZH2-dependent methyltransferase activity in decidualizing cells was shown to trigger genome-wide redistribution rather than loss of the H3K27me3 mark (Grimaldi et al., 2011) . Thus, while our survey identified the epigenetic effectors that are regulated in response to differentiation cues in HESCs, the functional relevance of their altered expression in terms of gene expression and decidual cell function requires further analyses
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